Global concentrations of atmospheric CO 2 are higher than at any other time in human history. From a preindustrial baseline of 280 ppm, CO 2 concentrations reached 407 ppm in 2018. Growth rates of 2.3 ppm per year have been observed over the past decade, approximately 100 times faster than natural changes 1 . Increasing CO 2 concentrations can largely be attributed to the use of fossil fuels, which, through an enhanced greenhouse effect, raise global average temperatures and, in turn, affect climatic, ecological and social systems 2 . To limit these effects, the 2015 Paris Agreement aims to constrain anthropogenic warming to 1.5-2 °C (ref. 3 ). Solutions are, therefore, needed to promote a substantial and sustained reduction in the net flow of CO 2 into the atmosphere, while, at the same time, ensuring energy needs are still met. According to the International Energy Agency 4 , the goals of the Paris Agreement can be achieved by applying and pushing already available climate-mitigation technologies to their maximum practical limits.
sequestering CO 2 directly from air by the second half of the century. Indeed, all proposed pathways to limit global warming to 1.5 °C require some degree of CO 2 removal 5 , with an estimated total of 190 GtCO 2 needing to be stored 3 . However, large-scale deployment of CCS has yet to be achieved; present facilities capture and store only ~40 MtCO 2 annually 6 . Thus, a considerable scale-up in technology is required to meet the aims of the Paris Agreement, specifically through the operation of >2,500 large-scale CCS facilities by 2040 (ref. 6 ).
Currently, 14 out of the 18 operational large-scale CCS projects worldwide (each capturing >400,000 tonnes of CO 2 annually) are based on enhanced oil recovery 6 , whereby CO 2 is used to obtain the last remains of an oil field. These projects deploy one of the most common approaches of carbon storage, that is, injection of gaseous, liquid or supercritical CO 2 into subsurface reservoirs, such as sedimentary basins. In such systems, CO 2 can be physically trapped in porous rocks below an impermeable cap rock (structural trapping), some of which becomes trapped in small pores (residual trapping) and, over time, dissolves in groundwater (solubility trapping) and reacts with the subsurface rocks to form stable carbonate minerals (mineral trapping). As the storage progresses from structural to mineral trapping, the CO 2 becomes more immobile, increasing the security of storage ( fig. 1a ) and decreasing the reliance on the efficacy of the cap rock.
Carbon dioxide storage through mineral carbonation Sandra Ó. Snaebjörnsdóttir 1 *, Bergur Sigfússon 1 , Chiara Marieni 2 , David Goldberg 3 , Sigurður R. Gislason 4 and Eric H. Oelkers 2, 4, 5 Abstract | Carbon capture and storage (CCS) has a fundamental role in achieving the goals of the Paris Agreement to limit anthropogenic warming to 1.5-2 °C. Most ongoing CCS projects inject CO 2 into sedimentary basins and require an impermeable cap rock to prevent the CO 2 from migrating to the surface. Alternatively, captured carbon can be stored through injection into reactive rocks (such as mafic or ultramafic lithologies), provoking CO 2 mineralization and, thereby, permanently fixing carbon with negligible risk of return to the atmosphere. Although in situ mineralization offers a large potential volume for carbon storage in formations such as basalts and peridotites (both onshore and offshore), its large-scale implementation remains little explored beyond laboratory-based and field-based experiments. In this Review, we discuss the potential of mineral carbonation to address the global CCS challenge and contribute to long-term reductions in atmospheric CO 2 . Emphasis is placed on the advances in making this technology more cost-effective and in exploring the limits and global applicability of CO 2 mineralization.
Several key challenges face the storage of CO 2 in sedimentary basins. First, mineral trapping may be limited by the absence of the silicate-bound divalent metals needed for carbonate formation and can take thousands of years, owing to low rock reactivity 7 (fig. 1a ). Second, the large volume of carbon that needs to be stored to achieve the climate goals requires the identification and characterization of many new storage reservoirs. Third, as most of the injected CO 2 will likely remain in the gaseous, liquid or supercritical phase long term, it will tend to migrate back to the surface if not adequately stored. Even though the likelihood of such leakage from a wellregulated site is predicted to be negligible 8 , the lack of long-term storage feasibility has inhibited the broader application of sedimentary storage of CO 2 .
Alternative CCS methods have, therefore, been proposed to overcome the limitations of sedimentary injection, including in situ mineral carbonation 9, 10 . In situ mineral carbonation aims to accelerate a natural process -the vast storage of carbon in rocks over millions of years -at a rate fast enough to contribute to climatechange mitigation. With this approach, the captured carbon is stored through its injection into reactive rocks, such as mafic or ultramafic lithologies, which contain high concentrations of divalent cations, such as Ca 2+ , Mg 2+ and Fe 2+ , for rapid mineralization to calcite (CaCO 3 ), dolomite (CaMg(CO 3 ) 2 ) or magnesite (MgCO 3 ). Mineral carbonation can be further promoted by the dissolution of CO 2 into water before or during its injection, achieving solubility trapping immediately 11 and mineral trapping within 2 years ( fig. 1b ) at 20-50 °C (ref. 12 ). In situ mineralization results in a negli gible risk of the CO 2 migrating back to the atmosphere both over the short term (due to the dissolution of CO 2 and the density-related inhibition of surface migration) and the long term (due to conversion into carbonate minerals).
Supercritical, liquid or gaseous CO 2 can also be injected into reactive rock formations under favourable geological conditions, including offshore locations, where the risks of potential leaks are mitigated by the overlying seawater and the presence of a low-permeability sediment layer near the seafloor-seawater interface 13, 14 . In such cases, mineralization may be slowed by the need for the injected CO 2 to dissolve into the formation waters before it is mineralized. Mineral carbonation therefore provides an attractive alternative or addition to the more common sedimentary injection CCS techniques: it offers an expanded geographic range of onshore and offshore storage reservoirs (including large flood basalt provinces, large massifs of mantle peridotite and oceanic ridges) and, in turn, increases the opportunities for pairing carbon sources and sinks, and, thus, possibly reduces costs.
Key points
• Carbon capture and storage has a key role in achieving the goals of the Paris agreement. • Co 2 storage through mineral carbonation extends the applicability of carbon capture and storage by enabling storage in areas previously not considered feasible. • The rapid mineralization of Co 2 through injection into reactive rock formations increases storage security. • Carbon mineralization in basaltic rocks offers a global storage potential that exceeds anthropogenic emissions. • The method can be used for the subsurface storage of Co 2 , and potentially other environmentally important gases, through water capture, although this approach is water-intensive. • Considerable efforts are needed to accelerate the deployment of Co 2 storage through mineral carbonation, including more widespread operation in diverse conditions. In this Review, we discuss the past and present state of in situ subsurface mineral CO 2 storage in addressing the global CCS challenge. Emphasis is placed on assessing the recent advances that could make mineral carbonation a viable alternative for future CCS activities and exploring the limits of this technology in terms of potential sites and gas compositions. We recognise that ex situ mineralization -whereby CO 2 interacts with a reactive mineral feedstock at the surface near emission sources -is an alternative CCS strategy (Box 1). However, given its limitations in regards to cost and scale, we constrain discussion to subsurface in situ mineralization.
The mineral-carbonation process The geochemistry of mineral carbonation Mineral carbonation proceeds through the reaction of water containing dissolved CO 2 with rocks, notably mafic or ultramafic rocks. Water charged with CO 2 is acidic, with a typical pH of 3-5, depending on the partial pressure of CO 2 , water composition and temperature of the system. This acidic solution promotes the dissolution of silicate minerals, such as pyroxene, a common mineral in basalt and peridotite: Such reactions promote CO 2 mineralization in two ways: first, protons are consumed, neutralizing the acidic gas-charged water and facilitating the precipitation of carbonate minerals as the pH of the water increases; and, second, they provide cations (Eq. 1) that can react with the dissolved CO 2 to form stable carbonate minerals. The degree to which the released cations form minerals depends on the element, pH and temperature.
Dissolved calcium readily reacts with CO 2 in aqueous solution at temperatures below ~300 °C, forming calcite (CaCO 3 ) and/or aragonite once the solutions are supersaturated 15, 16 . Dissolved magnesium precipitates as the carbonates magnesite (MgCO 3 ) and dolomite (CaMg(CO 3 ) 2 ) at temperatures above ~65 °C (refs 17-19 ); at lower temperatures, the precipitation of these minerals is kinetically inhibited. Under such conditions, less stable hydrous Mg-carbonate minerals, such as hydromagnesite (Mg 5 (CO 3 ) 4 (OH) 2 ·4H 2 O), dypingite (Mg 5 (CO 3 ) 4 (OH) 2 ·5H 2 O) and nesquehonite (MgCO 3 ·3H 2 O), can form 20 . Dissolved Mg 2+ is also readily incorporated into clay minerals such as smectite, limiting its availability to promote carbonation. The degree to which dissolved iron (Fe 2+ ) combines with dissolved injected CO 2 to form carbonates in the subsurface remains unclear. Under oxic conditions, Fe 2+ oxidizes before it can react to form a divalent metal carbonate, and, thus, the mineral siderite (FeCO 3 ) is only rarely observed in modern sedimentary and basaltic rocks 21 . The formation of the mineral ankerite (CaFe(CO 3 ) 2 ), however, may be favoured under certain conditions at ambient to moderate temperatures when the pH of the solution is low enough to prevent Fe 2+ from oxidizing to Fe 3+ (refs 22, 23 ).
Other important factors for efficient subsurface carbon mineralization are the permeability and/or active porosity of the host rock formation 24 . The pores and fractures provide pathways for migrating fluids, access to mineral surfaces that contribute cations to the mineralization and space for the carbonate precipitates. The overall mass of carbon-bearing precipitates is also affected by the formation of other secondary minerals, most importantly clay minerals, but also minerals such as zeolites 25 and anhydrites in seawater systems 26 . These minerals compete with carbonates for the divalent cations liberated from dissolving primary minerals and for the available pore space.
Carbonate and associated secondary mineral precipitates typically have a larger volume than their primary source minerals 27 and, therefore, can clog flow pathways, where they precipitate and/or seal reactive surfaces 28 . However, the volume expansion during precipitation reactions can lead to cracking and the opening of fractures, which increase permeability and expose new surfaces to the fluid phase and, hence, may promote subsurface carbonation 29, 30 . It should also be noted that, owing to the acidity of water-CO 2 solutions, they tend to dissolve minerals during injection, opening up pore space and flow paths near the injection well. The precipitation of pore-filling secondary minerals is expected to occur only at a distance from the injection well after sufficient dissolution of the host rock has neutralized the acidic CO 2 -rich injection fluids 27, 31 .
Box 1 | Ex situ carbon mineralization
Ex situ mineralization has been extensively considered as an option for carbon capture and storage for Co 2 -intensive processes located far from potential geologic storage sites. This method is operated above ground and involves the reaction of feedstock (fly ash, waste from the steel and iron industries, ground reactive rock and mine tailings) with Co 2 in a gas stream to produce carbonate minerals, which are subsequently disposed 47 .
owing to the costs associated with grinding and transporting the feedstock material, as well as storing the carbonated products, the success of the ex situ approach is dependent on the rapid and close-to-complete carbonation of the feedstock 109 . Thus, there have been substantial efforts to develop industrial methods to rapidly and efficiently carbonate various mafic and/or ultramafic rocks and minerals, as reviewed elsewhere 109 . Such efforts have included increasing the reaction temperature, the use of additives, ultrafine grinding and thermal activation of the feedstock material. under certain conditions, efficient carbonation can be achieved, but the costs of such processes may prove to be prohibitive for large-scale implementation. Indeed, the cost of ex situ mineral carbonation is much higher than that of subsurface storage 84 . However, it can provide a local solution for certain activities, such as the offsetting of Co 2 emissions from mining industries, particularly if the economic viability can be increased by producing saleable resources, such as building materials 109 .
Ex situ mineralization is being explored in many global locations. For example, ongoing research is being conducted on the carbonation of mafic or ultramafic mine waste tailings, including those from the kimberlite mines in South africa 110 and the brucite tailings from the mount Keith mine, an open-pit nickel mine in Western australia 45, 111 . The carbonation of mine waste has the advantage that it is commonly already finely ground, increasing its reactivity. It is estimated that there are ~400 mt of mine tailings generated per year that could be used to mineralize Co 2 (ref. 112 ) and that these often have the benefit of being located near Co 2 point sources, reducing costs. Furthermore, ultramafic mine tailings can react with and mineralize atmospheric Co 2 , and this passive mineralization occurs at several ultramafic mines 20, 45, 46, 110 . Increasing the rates of these mineralization processes offers the potential to offset 100% or more of the emissions produced by their associated mining activities, potentially allowing for carbon-neutral mining practices 45, 112 .
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Natural mineral carbonation
Natural mineral carbonation is most efficient in mafic and ultramafic rocks, owing to their high reactivity and the abundance of divalent metal cations contained in silicates 32 . Of these, basaltic rocks are the most abundant: most of the ocean floor, ~70% of the Earth's surface and >5% of the continents is basaltic ( fig. 2 ). Abundant flood basalt fields are found in central India, Siberia, the United States, Canada and Yemen. Although the occurrence of basalts onshore is limited, the weathering of basaltic rocks on the continents and volcanic islands is responsible for ~30% of the natural drawdown of CO 2 from the atmosphere attributable to continental silicate weathering, demonstrating the relative advantage of these rocks compared with other terrestrial rocks for mineral carbonation 33 .
Natural analogues for large-scale CO 2 mineralization are found in various environments. In terms of scale, one of the most substantial natural analogues for CO 2 mineralization is the carbon uptake of the oceanic crust; basalts in volcanic submarine geothermal systems receive substantial amounts of CO 2 from the degassing of magma intrusions located in their roots. The oceanic crust is typi cally 6-7 km thick and has a remarkably consistent stratigraphy on a global scale 34, 35 . Hydrothermal circulation through ridge flanks is focused in the uppermost 1 km of the ocean crust, resulting in extensive CO 2water-basalt interaction. This hydrothermally active crust mineralized ~40 MtCO 2 annually 36, 37 .
The storage potential of hydrothermally active geothermal systems located onshore in Iceland, the largest land mass above sea level along the mid-oceanic ridges, has been estimated by direct measurements of CO 2 bound in carbonates in drill cuttings from three basalthosted geothermal fields. Although these carbonates are precipitated over long timescales (10,000-300,000 years), the results provide insight into the permeability and active porosity of natural systems and indicate that young and fresh basalts can naturally store >100 kg of CO 2 per m 3 (ref. 38 ). On the basis of this estimate, the theoretical storage capacity of the ocean ridges is on the order of 100,000-250,000 GtCO 2 -orders of magnitude larger than the amount of CO 2 that would be derived from the burning of all fossil fuel 24 . This value agrees with other estimates that verify the enormous storage capacity of both sub-ocean 13, 14, 39 and onshore 40, 41 basalts.
Evidence for natural carbonation is apparent at various other onshore locations. For example, in Oman, tectonically exposed mantle peridotites remove CO 2 directly from the atmosphere, with this CO 2 -waterrock interaction resulting in the formation of travertines.
Owing to the reactivity of the Omani peridotites, they are estimated to consume in the range of 10-100 ktCO 2 per year through in situ carbonation 42 . The complete natural carbonation of the peridotites leads to the formation of listwanites, with the ultramafic rocks transforming through a series of reactions: serpentine + olivine + brucite → serpentine + magnesite → magnesite + talc → magnesite + quartz. This mineralogical transformation serves as a geological analogue for in situ CO 2 mineralization 43 . Similarly, in West Greenland, extensive carbonate mineralization in basalts associated with petroleum migration was documented 21 , suggesting that CO 2 -bearing fluids may be readily mineralized, even in extensively altered rocks. The natural carbonation of mafic and ultramafic mine-waste tailings is also commonly observed [44] [45] [46] .
Laboratory-based experimental studies
Experimental studies of mineral dissolution and precipitation rates provide insight into the fundamental processes behind mineral carbonation and are vital for the design of field-scale operations. Numerous experimental studies have verified the capacity of silicate minerals to Oceanic ridges <10 Ma Oceanic igneous plateaus or continental flood basalts Many of these studies have focused on the dissolution rates of the primary silicates that contain the divalent metals necessary for carbonate precipitation. Emphasis on mineral dissolution stems from the commonly accepted view that mineral dissolution is the rate-limiting step in the mineral-carbonation process 47, 48 .
An extensive number of dissolution studies of divalent-metal-bearing silicates have been reported on minerals such as olivine [49] [50] [51] [52] [53] [54] , pyroxene 55 and plagioclase [56] [57] [58] [59] [60] [61] [62] [63] , as well as volcanic glasses [64] [65] [66] . The rates of Ca 2+ and Mg 2+ release from mafic minerals and rocks are often highly dependent on the fluid pH ( fig. 3 ). The mineral dissolution rates increase dramatically with a decrease in pH at the acidic conditions likely encountered near the CO 2 injection point ( fig. 3 ). The dissolution rates for Al-bearing minerals, such as plagioclase (labradorite), and volcanic glasses are slowest at neutral pH and then increase at higher pH. By contrast, the rates of Al-free minerals, such as olivine (forsterite) and pyroxene (diopside), typically decrease continuously with increasing pH, such that the dissolution of these minerals is sluggish at the conditions at which carbonates tend to precipitate ( fig. 3 ). The large decrease in the reaction rates of most of these minerals with increasing pH suggests that the dissolution of reactive host rocks near the injection well of CO 2 -charged water will be rapid but the subsequent precipitation of secondary phases will be slower, more diffuse and at some distance from the injection site.
The minimum in the dissolution rates of many minerals at near-to-neutral pH has led to the proposal of a two-step ex situ carbonation process, in which divalentmetal-bearing silicates are first dissolved in strong acid, followed by the formation of carbonate minerals at more basic conditions. Olivine dissolution exhibits the fastest Mg 2+ release rates at acidic conditions 67 . This observation justifies the interest in this mineral, or rocks rich in this mineral (such as peridotites), as a feedstock for ex situ mineral carbonation (Box 1) because smaller volumes of materials will be required to supply the required cations for the mineralization process. Note that the dissolution of the common sedimentary rock minerals quartz, kaolinite and the alkali feldspars does not liberate the divalent cations needed to promote the formation of common carbonate minerals.
Direct carbonation to form divalent-metal carbonates has also been demonstrated. Many of these studies focused on the carbonation of olivine and serpentines, owing to their widespread availability and abundance in Mg. Investigations of forsterite carbonation at 30 °C and 95 °C at varying partial pressures of CO 2 revealed that magnesite formed only at 95 °C and 100 bar of CO 2 pressure 68 . At temperatures below 65 °C, less stable hydrous Mg-carbonate minerals, such as nesquehonite, have been commonly observed to form through the carbonation of ultramafic rocks 69, 70 . The precipitation of magnesite at lower temperatures, however, has been observed in experiments with water-saturated supercritical CO 2 and in which the mineralization was enhanced by the addition of ligands to bind and dehydrate the Mg 2+ ions, thereby accelerating magnesite precipitation 71 .
Most experimental studies on serpentine have explored mechanical or thermal treatment methods to accelerate the carbonation of this mineral 72 . The carbonation of Ca-bearing phases, such as glassy and crystalline basaltic rocks, has also been verified experimentally 22, 73, 74 .
One of the main limitations of laboratory-based experimental studies is their timescales; experiments are usually run for days, weeks or months, rather than years. The spatial scale is also limited, complicating the transfer of experimental results to field-scale operations. To extend the results over longer timescales and spatial scales, geochemical modelling is commonly used 25, 48, 75, 76 . This approach is based on the construction of conceptual models of the processes of interest, linking observations from natural systems with results from experimental studies. Such calculations have been widely applied for simulating the dominant processes of mineral carbonation, with results suggesting that the carbonation of mafic and ultramafic rocks through water-CO 2 -rock interactions should lead to substantial mineralization of the injected carbon over decade-long timespans 75, 76 . These results are a good indicator of the general processes involved in mineral carbonation but are limited owing to the natural variability and complexity of field-scale operations.
Field mineral-carbonation studies Subsurface mineral carbonation
The results of experiments, geochemical modelling and natural analogues have motivated two larger-scale field projects. These projects have demonstrated the potential of in situ carbon mineralization by injecting CO 2 into underground basaltic reservoirs for its rapid conversion into carbonate minerals, providing a safe, permanent storage solution for the captured carbon ( fig. 4) .
The CarbFix project. The pilot phase of the CarbFix project, funded by the European Union, was undertaken in 2012 near the Hellisheiði geothermal power plant in southwest Iceland. A total of 230 tonnes of pure CO 2 and a CO 2 -H 2 S gas mixture from the geothermal plant were fully dissolved in locally sourced groundwater during their injection to a depth of ~500 m into basaltic rocks (fig. 4a ). The temperature of the target basaltic reservoir was 20-50 °C. The method requires large amounts of water: ~25 tonnes of water for each tonne of gas injected to fully dissolve the CO 2 at depth. However, as the gascharged water is denser than fresh water, solubility trapping occurs immediately 11 . Injection of the acidic gascharged water accelerates metal release from the bedrock and, hence, the formation of carbonate minerals 12, 77 . The carbonation process was quantified using reactive and non-reactive tracers and isotopes, which revealed the rapid mineralization of the injected CO 2 (refs 12,78 ), with >95% of the injected gas mineralized within 2 years ( fig. 1b ). The injection also led to an increase in the mass of the subsurface biota 79 , but carbon isotope measurements demonstrate that this biota increase contributed negligibly to the subsurface carbon fixation.
Following the success of the initial CarbFix project in Hellisheiði, the project was upscaled starting in 2014 in a hotter, deeper reservoir, with a stepwise increase in the amount of gases injected 80, 81 . The acidic gases (CO 2 and H 2 S) were captured directly from the power plant exhaust stream by their dissolution into pure water (condensed steam from the power plant turbines) in a scrubbing tower. The resulting gas-charged water was injected to a depth of ~800 m into the basaltic reservoir at temperatures of ~250 °C. Owing to the acidity of the injected solution, it is strongly undersaturated with respect to the primary and secondary minerals of the basaltic reservoir near the injection well 31 . Mineral dissolution gradually increases the pH of the gas-charged fluid to a range suitable for carbon mineralization, which occurs at a distance from the injection well. As a consequence, there is no sign, to date, of a decrease in the system injectivity since the initiation of the carbon injection in 2014. At present, >50% of the injected carbon is fixed as carbonate minerals within months of its injection in this upscaled system 80 .
The CarbFix project currently captures and stores ~33% of the CO 2 emissions from the Hellisheiði power plant 81 , or ~12,000 tonnes annually, with the aim to increase injection to ~90% of the CO 2 from the plant before 2030. Moreover, injection of CO 2 from a second geothermal plant operated in the area will begin in 2021.
The Wallula basalt pilot demonstration project. In 2013, nearly 1,000 tonnes of pure liquid CO 2 were injected into the Columbia River flood basalts near Wallula, Washington, USA 82 . The CO 2 was provided in tanks, and the gas stream heated and pressurized before injection. The resultant liquid CO 2 stream was injected into two brecciated basalt zones at a depth of 800-900 m and the reactions between the CO 2 , formation waters and basaltic subsurface were monitored ( fig. 4b ).
Geophysical surveys indicated that a portion of the injected CO 2 was trapped as free-phase CO 2 in the interflow zones below the massive basalt cap rock. However, side-wall cores retrieved from the storage formation 2 years post-injection revealed the presence of carbonate nodules, composed primarily of ankerite, located in pores and fractures of the basalts 23, 83 , confirming that some of the CO 2 was mineralized within 2 years of injection.
Mass-balance calculations to determine the quantity of the injected CO 2 that had been carbonated could not be performed and no quantitative data have been reported to date to evaluate what fraction of the injected CO 2 was mineralized or remained as free-phase CO 2 (ref. 82 ). Nevertheless, carbon and oxygen isotope analysis of the ankerite nodules collected after the injection confirmed that the carbon in these minerals originated from the injected CO 2 (refs 23, 83 ). Energy-dispersive X-ray spectroscopy of the side-wall cores also showed a progressive enrichment in Fe from the centre of the ankerite nodules, indicating that the mineralization derives material from the dissolution of the host basalt as the nodules form, rather than from reprecipitated carbonates. Extensive surface and well-bore monitoring several years after injection confirmed that no substantial leakage of CO 2 has occurred from the storage formation since its injection 84 .
Risks and challenges
Many of the main risks associated with the conventional injection of supercritical CO 2 into sedimentary basins also apply to carbon-mineralization projects, including the contamination of water resources and induced seismicity. The main risks are discussed next.
CO 2 buoyancy versus water penalty. The two in situ mineral-carbonation projects adopted different methods for carbon injection: the injection of water charged with CO 2 (fig. 4a ) or the injection of liquid or supercritical CO 2 (fig. 4b ).
Liquid and supercritical CO 2 are routinely stored and transported commercially, and their compositional integrity can be assured. Efficient transportation of CO 2 is possible given its low viscosity, high density and low critical temperature (31 °C) and pressure (74 bar). However, owing to its buoyancy, it is essential to ensure that the storage reservoir is securely sealed during and after the injection of a pure CO 2 fluid phase. This requirement is especially challenging during onshore injection into volcanic rocks because these formations are often highly fractured 85 .
The injection of an aqueous solution of CO 2 into the subsurface offers both advantages and challenges. The method is both simple and cost-effective 80 , and the risks of leaks are mitigated as CO 2 -charged water is denser than the corresponding CO 2 -free water. The major drawback of this approach is that a large quantity of water is needed to dissolve the CO 2 gas. However, this water could be sourced from the target reservoir, therefore providing access for monitoring the chemistry of the injected gas-charged fluid and preventing pressure build-up in the reservoir owing to injection. As an example, during the CarbFix pilot injections, the amount of water pumped continuously from the two nearest monitoring wells was equal to the amount of water co-injected with the CO 2 and, hence, no net change in water pressure was observed in the storage formation. The mass of water needed to dissolve 1 tonne of CO 2 is a function of the capture pressure, as shown in fig. 5a ; the mass required decreases from >100 tonnes of water per tonne of CO 2 at a pressure of 3 bar to <35 tonnes of water at a CO 2 pressure of 25 bar. Abundant fresh water is not readily available for this process in many parts of the world, but in such cases, seawater may provide an adequate alternative.
One additional advantage of CO 2 injection as a waterdissolved gas is that it might considerably lower the cost of CCS. Carbon dioxide and other acidic gases can be captured directly from CO 2 -rich exhaust streams in fresh water or seawater by mixing with the exhaust gas in a scrubbing tower 80 . The energy to pressurize CO 2 -charged water to pressures of up to 25 bar at 25 °C (the injection conditions used in the pilot CarbFix project) is less than that required to pressurize pure CO 2 to the liquid state at this temperature ( fig. 5b ). However, the injection of liquid CO 2 is less energy-intensive than the injection of CO 2 dissolved in water at pressures greater than 25 bar ( fig. 5b ).
Although dissolving CO 2 in water prior to its injection limits the risk of leakage, injecting supercritical CO 2 may offer advantages in sub-ocean and/or other environments, because fewer wells may be needed to inject an equivalent volume of CO 2 for storage. The lowpermeability sediment cover of sub-ocean reservoirs also . b | The energy demand at 25 °C as a function of the CO 2 partial pressure for the pressurization of 1 tonne of CO 2 , the mass of pure water needed to fully dissolve this CO 2 and 1 tonne of CO 2 -charged pure water by pressurizing the two phases individually and then mixing to form a single, equilibrated phase. The black dashed line indicates the energy demand to form liquid CO 2 by pressurizing the gas from 1 bar to its liquefaction pressure. In each case, the required energy is calculated based on the equilibrium isothermal pressurization of CO 2 and the adiabatic pressurization of water.
www.nature.com/natrevearthenviron provide primary seals to trap CO 2 injected in a buoyant, supercritical state 14 . However, this environment also offers vast seawater resources for the dissolution of CO 2 prior to injection and could, thus, increase the efficiency of this alternative approach and minimize energy needs for CO 2 capture. The optimal approach at potential sites likely depends on factors such as the location and depth of the target reservoir, as well as the economics and efficiency of an ocean-based storage system; thus, site-specific feasibility studies are required. Safety is also a consideration, and as offshore sites are far from inhabited areas, the risk posed to humans from potential CO 2 leaks and other related liabilities is reduced 13 .
Induced seismicity. One of the main risks of CO 2 injection of any kind is induced seismicity. The potential for damage to infrastructure and public concern over seismic events can result in CCS projects being shut down. Therefore, utmost care should be taken to minimize these risks. There are >180,000 active or formerly active injection wells in the United States for both waste-water disposal and enhanced oil recovery. Induced seismic events have been associated with ~10% of these wells, with high injection rates being the dominant trigger for induced seismicity 86 . High injection rates also seem to have triggered the induced seismicity observed during commissioning at the Hellisheiði power plant in Iceland 87 .
Three years prior to the scaled-up gas injection, the CarbFix target reservoir was taken into service as a reinjection zone for waste water from the power plant. Reinjection started on 1 September 2011 with a high flow rate of ~500 kg s −1 , resulting in an excess injection pressure of ~28 bar. Microseismicity increased immediately in the area north of the injection sites, with the largest seismic events being a sequence that included two magnitude 4 earthquakes on 15 October 2011 (ref. 88 ). This problem was addressed by introducing a workflow through which preventive steps, including the adjustment of the injection rates, are taken to minimize the risk of induced seismicity 87, 89 . The CarbFix project applies this framework and, following its implementation, the annual number of seismic events greater than magnitude 2 in the area has decreased from 96 in 2011 to one in 2018 (ref. 90 ), which is considered satisfactory and demonstrates that the project is being operated within its regulatory boundaries.
The CarbFix example suggests that, prior to injection, a site-specific study of the regional seismicity must be performed to determine the seismic risk and should include a thorough characterization of depths, times, locations and magnitudes of seismic events. The risk of induced seismicity might be greater when injecting dissolved CO 2 , owing to the large volume of fluid that would need to be injected into the subsurface. For example, the injection of 1 MtCO 2 per year (which is approximately the injection rate of CO 2 into a single well at the Sleipner CCS project) 91 as a dissolved water form would require ~20 injection wells with depths of ~500 m and injection rates of ~50 l s −1 , which is a common injection rate for such shallow wells. Such a project could be fed with water from the target injection reservoir to prevent excessive pressure build-up in the system and to minimize the need for an additional water source. The risk of induced seismicity affecting infrastructure and the general public can also be mitigated by injecting CO 2 into offshore reservoirs, away from populated areas and infrastructure that could be affected 92 .
Groundwater contamination. Another potential risk of injecting CO 2 is groundwater contamination. During the initial phase of CO 2 injection -prior to substantial carbon mineralization -a metal-rich plume can form, causing the concentrations of certain elements to exceed proposed drinking-water limits. The main metals of concern are Ni, Al and Cr, but other metals, such as Fe and Mn, can become toxic to biota at high concentrations 93 . This risk is highest before the precipitation of carbonate and other secondary minerals, such as clays, Al-oxide and Fe-oxide, and hydroxides, which can scavenge potentially toxic metals. The potential of carbonates to scavenge a metal plume has been described in detail in studies of natural carbonation during volcanic eruptions 94, 95 . Ground contamination is not a major concern at offshore locations, given the lack of underground drinking-water sources.
Advancing carbon mineralization
Deployment of CCS technologies is not yet at the rate and scale needed to address the current global-warming challenge on a global scale. To date, the CarbFix and Wallula projects are the only examples of field-scale demonstrations of mineral carbonation. The results of these projects have demonstrated the rapid mineralization of CO 2 when it is injected at rates of ktCO 2 per year. Further upscaling is essential to obtain a more comprehensive understanding of the mineralization process under diverse conditions. There are, however, planned advances that might help accelerate mineral carbonation to the global scale necessary to limit atmospheric carbon concentrations ( fig. 6 ).
Combining with direct air capture
Favourable conditions for subsurface carbon mineralization (for example, the availability of subsurface reactive rocks) are not equally distributed across the globe. Therefore, the pairing of large emission sources and suitable rock formations may be held back by the long distances involved and high costs of pipeline infrastructure. As CO 2 mixes rapidly, resulting in approximately equal atmospheric concentrations everywhere, direct air capture (DAC) installations could be effective when installed near suitable reactive rock formations for carbon storage (fig. 2) and appropriate energy sources 92, 96 .
DAC technologies capture CO 2 directly from the atmosphere, in contrast to point-source CCS technologies, which capture CO 2 from more concentrated industrial streams. In a DAC system, large volumes of air flow through a filtering unit containing either a solid or liquid that can selectively remove CO 2 from the atmosphere by processes such as absorption or adsorption. The resulting concentrated CO 2 stream can either be stored underground or used as a feedstock for industrial applications. DAC may be an important approach in managing emissions that are challenging or costly to eliminate at the source (such as aeroplane emissions), and by combining DAC and CCS, it may be possible to create negative emission pathways during the latter part of the century 5 .
DAC technologies are, however, still immature and, to date, have only been demonstrated on the scale of ktCO 2 per year. The primary limitation in the implementation of DAC is the high cost, currently estimated in the range of approximately US$90-900 per tonne of CO 2 (refs 84, 97 ). The high cost is mostly due to the energy requirements, especially the thermal energy required for CO 2 desorption: at present, ~3.4-10.7 GJ of energy is required for every tonne of CO 2 captured 84 . Strategies that minimize the thermal requirements of DAC processes will be crucial for reducing the operating costs of these systems, enabling their scale-up to MtCO 2 or GtCO 2 per year. The efficiency of the DAC process is inevitably directly linked with the CO 2 emissions generated by its energy source; for maximum efficiency, the energy demand of the DAC process should be supplied by available low-grade industrial-waste heat or low-CO 2 -emitting geothermal heat 98 .
The coupling of DAC and mineral carbonation is being explored in the CarbFix2 project (which started in August 2017), and a DAC unit has been installed at Hellisheiði. The air-derived CO 2 gas stream is then dissolved into water, injected and mineralized, achieving a negative emission pathway 98 . Scale-up of this DAC technology in combination with the CarbFix injection technology is being explored at various sites in Iceland. Looking towards the future, the Solid Carbon project in British Columbia is assessing DAC technologies with a similar in situ mineralization approach at an offshore site in the Cascadia Basin on the Juan de Fuca plate 99 .
Moving offshore
The increased storage security of subsurface mineral storage and, hence, diminished need for monitoring could enable the coupling of CCS with DAC for carbon storage in remote locations. For example, it has been proposed that CO 2 could be extracted from the atmosphere using renewable wind energy and coupled to sub-ocean basalt storage in a remote offshore environment near the Kerguelen Islands in the southern Indian Ocean 92 . Although increased operational experience under different conditions is needed to enable remote operation at a reasonable cost, upscaling could provide high-capacity CO 2 storage through in situ mineralization in basalt reservoirs with low risk of leakage, few environmental effects and minimal human inconvenience.
Two projects are currently exploring offshore injection for carbon mineralization. In the north-eastern Pacific Ocean, the potential of injecting CO 2 into oceanic basalts below marine sediments is being assessed offshore from Washington state and British Columbia. A pre-feasibility study was conducted under the US Department of Energy's CarbonSAFE programme to evaluate technical and non-technical aspects of storing ~50 million tonnes of CO 2 at an offshore storage complex located in the Cascadia Basin 99 . The study concluded that there are sufficient reservoir storage capacity, transport options and CO 2 sources to meet such targets. A total of ~40 MtCO 2 is generated per year onshore from nearby stationary sources; this could provide a steady stream of CO 2 to the offshore reservoir, and DAC technology could be added to these carbon sources. Conditions at the Cascadia Basin site might favour CO 2 injection as a supercritical fluid, owing to the low risk of degassing at ocean depths of >800 m. . For onshore operations, the CO 2 is dissolved in water prior to injection. For offshore injection, the CO 2 is either dissolved in seawater or injected as a separate supercritical phase.
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The CarbFix2 project is preparing for the injection of CO 2 dissolved in seawater into submarine basalts. Initial results indicate that seawater, despite its high concentration of dissolved elements, is a suitable medium for carbon mineralization. Its applicability is, however, more limited than that of fresh water in terms of its temperature and pH range, owing to the formation of various secondary minerals that could affect the efficiency of the injection 100, 101 .
Mineral carbonation in other rock types
The chemistry and reactivity of different rock types, the porosity and permeability of the potential reservoir, and the pressure and temperature of the reservoir during CO 2 injection all strongly influence the rate of mineral carbonation reactions 32, 66, 102, 103 . The most feasible formations for carbon mineralization are ultramafic and mafic rocks, owing to their reactivity, and, in the case of basalts, abundant pore space available for carbon storage.
Other rock formations have the potential for mineral carbonation, including less reactive rock types, but it is yet to be established which formations contain high enough concentrations of the required cations for efficient CCS through carbon mineralization. The identification of suitable formations could extend the applicability of the method already established in basalts and peridotites.
Water capture of impure CO 2 gas streams
The most widely applied and mature capture technology for CCS to date is amine capture, whereby an amine solvent is used to absorb CO 2 from flue gas 104 . The CO 2 is then recovered by heating the solvent and subsequently compressed and injected. A potential advantage of mineral carbonation is the possibility of using water capture instead of amine capture.
The energy demand for pressurizing pure CO 2 gas is far greater than that for water pressurization (fig. 5b ). However, the energy demand of any capture process and, thus, the energy cost depends on the purity of the CO 2 stream. This issue is less significant for the aminecapture process, because most of the energy demand is for supplying heat for CO 2 recovery, rather than the compression of the gas stream 104 .
The estimated energy required to capture CO 2 from air and from a gas stream containing ≤20% CO 2 by water capture is compared with that required using an amine solvent in fig. 7a . In this example, the efficiency of the water-capture process, assuming inefficient compression (80% efficiency) and that some CO 2 (20 vol%) remains in the gas phase after passing through the capture plant, was set at 64%. This is approximately the efficiency of the ongoing injection operations at Hellisheiði, Iceland. The energy cost is based on an average global electricity price of US$0.13 kWh −1 .
These cost estimates depend on the specific infrastructure requirements and energy prices at potential storage sites and, thus, could vary considerably from site to site. However, the energy cost of the capture process is by far the largest share of the operational cost of any CCS activity. Therefore, these comparisons serve to illustrate the applicability of the different capture processes for dilute CO 2 streams (<20 vol%).
The energy cost of the amine-capture method is highly dependent on the energy supply for the heat used to recover the CO 2 . For gas streams containing <20 vol% CO 2 , the energy costs of amine capture are, to date, less than those for water capture when the energy can be supplied for free (waste heat) or by using natural gas. However, when electricity is the only source of energy for the amine-capture process, the cost of energy for water capture is less than that for amine capture for gas streams containing ≥15 vol% CO 2 (fig. 7a ).
The water demand for the water-capture process at 30 bar is presented in fig. 7b . At low CO 2 concentrations, the water demand is high but decreases with increasing CO 2 concentration. Owing to the low partial pressure of CO 2 in air, ~55,000 tonnes of water would be needed to capture 1 tonne of CO 2 from the of CO 2 capture from a flue gas stream for two capture methods as a function of the CO 2 content of the flue gas. Capture is either through dissolution into water at a capture pressure of 30 bar or by amine capture 104, 120 and subsequent compression to supercritical conditions 121 . b | The water demand for the water-capture method as a function of CO 2 content. For water capture, the calculation is based on first pressurizing both the flue gas and sufficient water for dissolution of the CO 2 to 30 bar and then mixing to form an equilibrated water-CO 2 phase. The calculation was performed assuming ideal gas behaviour, 80% capture efficiency and 80% compressor efficiency. Ideal gas behaviour was assumed to obtain a general approximation for any gas mixture. The energy-demand values used for capturing CO 2 from air are for a direct air capture unit 120 . The energy demand values used for other CO 2 concentrations are based on those for a conventional amine capture unit 104 . The amine-capture calculation was performed assuming 90% capture efficiency, 90% compressor efficiency and the use of electric boilers as the heat supply for CO 2 desorption. An average global energy price of US$0.13 kWh −1 was used in both calculations. Part a is adapted with permission from ref. 104 , Elsevier.
atmosphere (which contains ~400 ppm CO 2 ) at 30 bar, whereas only 22 tonnes are needed to capture 1 tonne of pure (100%) CO 2 .
These analyses demonstrate the feasibility of the watercapture method: for CO 2 streams containing <15 vol% CO 2 , amine capture might be a more suitable method, owing to the lower energy cost and the high water demand of the alternative capture method. However, the watercapture method could be a better option for more concentrated (≥15 vol%) CO 2 gas streams. The high demand for water and how it is sourced should be considered; in some cases, waste water from other processes at a site could be used. A great advantage of this method is the direct injection of the CO 2 -charged water into the subsurface without requiring additional separation or purification steps. Moreover, this approach enables the co-injection of other environmentally important gases, such as H 2 S (ref. 80 ).
The future of mineral carbonation Recent advances have positioned in situ mineral carbonation as a viable technology for limiting at least some of the global anthropogenic CO 2 emissions. In cases in which injection into sedimentary basins is not feasible, in situ mineral carbonation could offer a safe and economic alternative. Laboratory and field experiments, specifically the CarbFix and Wallula projects, have demonstrated the potential of the method. However, the only ongoing industrial-scale injection is at Hellisheiði, Iceland.
Considerable effort is therefore needed to accelerate the deployment of CO 2 storage through mineral carbonation to gain experience of operating such projects under diverse conditions. Demonstrated successes will further increase public confidence in the carbon-mineralization process and motivate more widespread application of the method, including the construction of large-scale CCS systems.
For example, the long-term storage security of in situ mineral carbonation offers the possibility of injection into offshore locations, where the largest masses of mafic rocks exist. Storage at such sites could be facilitated by pairing DAC with mineral carbon storage and an appropriate energy source to enable extensive carbon storage beneath the basaltic ocean floor ( fig. 2 ). However, the regulatory framework for offshore storage projects will depend strongly on the nature and location of the specific CO 2 sources and reservoirs, their corresponding jurisdictions and the governing laws 99, 105 .
The biggest hurdle in applying in situ carbon mineralization on a greater scale is not technological, but the financial incentive for CCS. The current cost of capturing, injecting and storing CO 2 still exceeds the cost of emitting, leading to the shutdown of many projects before they were in operation. For example, since the launch of the European Union's carbon trading scheme in 2005, the cost of the rights to emit CO 2 in Europe has been too low to motivate the development and application of CCS 106 . This lack of incentive rather than scientific and technical barriers has resulted in the slow deployment of CCS technologies.
The rising prices of CO 2 emission quotas over the past 2 years (from ~€4.5 in May 2017 to ~€27 per tonne of CO 2 as of 31 June 2019) 106 are likely to change the CCS environment in the near future; the quota price of €27 in June 2019, for example, is higher than the current on-site costs of the CarbFix injection. In the United States, recent tax legislation provides financial incentives for CO 2 storage of up to US$50 per tonne for saline aquifer injection and up to US$35 per tonne for enhanced oil-recovery injection 107 . Nevertheless, this financial incentive may still be too low to motivate many new carbon-storage projects.
The competitive cost of in situ mineral carbonation, when operated under favourable conditions, compared with other CCS methods may, however, lead to increased implementation in the future. In cases in which CO 2 is captured from emission gases by dissolution into water at the source and the resulting gas-charged water directly injected into reactive subsurface rocks, the energy costs may be substantially reduced compared with alternative technologies (fig. 7a ). This approach could also provide additional value by co-capturing and storing other acidic gases, such as H 2 S and SO 2 , through subsurface mineralization, as demonstrated at Hellisheiði.
Human CO 2 emissions already exceed global silicate weathering uptake by at least an order of magnitude 108 . Although anthropogenic emissions may decrease as fossil fuels are replaced by renewables, numerous industries, including the cement and metal industries, cannot readily avoid carbon emissions. Thus, there is a need for some form of CCS. The technology and advances discussed in this Review suggest that carbon mineralization can help to address this issue. To maximize the potential of mineral carbonation, it will be key to define the practical constraints on the application of existing technology (such as rock and gas compositions), to fill the knowledge gaps in our understanding of the fundamental processes underlying efficient mineral carbonation and to streamline the processes to limit their cost. These advances require road maps for the most probable reaction paths in natural systems, including studies of reaction rates of different rock types in the subsurface. Determining the effect of the composition of the injected fluid and the potential use of chemicals or catalysts to alter reaction rates would help to quantify the extent and consequences of host-rock carbonation at various sites. The most prominent options for carbon mineralization can already be identified, but only through increased understanding of the limitations and potential of the method will its wider applicability be realized.
